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Barley, Hordeum vulgare, is the fourth most agriculturally important cereal by production 114 quantity (Newton et al., 2011) , with 65% of barley yield being used as feed for livestock, 30% 115 in malting and distilling processes, and 5% contributing towards other uses (Newman and 116 Newman, 2006) . By 2050 it is estimated that crop yields will need to increase by 60% in order 117 to meet the demands of global population growth (Alexandratos and Bruinsma, 2012) . One 118 way to help achieve this is to reduce yield losses to abiotic and biotic stress factors. Aphids 119 such as the bird cherry-oat aphid, Rhopalosiphum padi, and the English grain aphid, Sitobion 120 avenae, are major pests of cereals. Aphids feed directly from plant phloem using specialised 121 mouthparts known as stylets (Auclair, 1963) . Aphids cause direct plant damage by feeding transmitted into plant tissues during stylet probing (Powell, 2005) . Disease resulting from 125 virus infection can cause yield losses of up to 30% in barley and up to 80% in wheat (Smith 126 and Sward, 1982; Perry et al., 2000; Murray and Brennan, 2010) . 127 Aphids are primarily controlled through the application of insecticides, with the amount of 128 insecticide used per annum increasing (Jess et al., 2018) . However the use of these has led to 129 the emergence of insecticide-resistant aphid populations (Chen et al., 2007; Foster et al., 130 2014), caused negative impacts on non-target organism (Unal and Jepson, 1991; James et al., 131 2016) , and potentially resulted in an increase in BYDV prevalence (Dewar and Foster, 2017) , 132 leading to legislative restrictions on insecticide use and promotion of integrated pest 133 management (Directive, 2009/128/EC) . As a consequence, there is a growing requirement for 134 alternative pest management solutions which are more sustainable, and improving crop 135 resistance to aphids is one avenue which could be explored to achieve this. 136 To date, only partial-resistance against aphids has been reported for cereal crops. Plant 137 resistance traits which are effective against insect pests can be allocated to one of three 138 categories: 1) chemical deterrence of insect settling and feeding; 2) physical barriers to insect 139 feeding; and 3) reduction in palatability (Mitchell et al., 2016) . Partial-resistance against 140 aphids has been associated with each of these categories (respectively, Gibson and Pickett 141 (1983) , Tsumuki et al. (1989) and Greenslade et al. (2016) . Inherent molecular defences also 142 play a key role in conferring resistance against aphids (Delp et al., 2009; Guan et al., 2015;  143 Escudero-Martinez et al., 2017) . Molecular defences shown to be involved in aphid resistance 144 in Hordeum spp. include increased expression of thionin (antimicrobial peptides) genes (Delp 145 et al., 2009; Mehrabi et al., 2014; Escudero-Martinez et al., 2017) , increased chitinase and β-146 1,3-glucanase activity (Forslund et al., 2000) , and the presence of plant secondary metabolites 147 (Gianoli and Niemeyer, 1998) . Plant phythormone signalling pathways, including Abscisic Acid 148 (ABA), Salicylic Acid (SA), Jasmonic Acid (JA) and Ethylene (ET) signalling processes, mediate 149 co-ordinated molecular responses to herbivory via the regulation of defence signalling genes 150 and the biosynthesis of defensive allelochemicals (Smith and Boyko, 2007; Bari and Jones, 151 2009; Morkunas et al., 2011; Foyer et al., 2016) ; higher constitutive expression of 152 phytohormone signalling genes can lead to improved resistance against aphids in cereals 153 (Losvik et al., 2017) . 154 Constitutive and induced plant defences are frequently lost during plant breeding and 155 domestication (Moreira et al., 2018) . However, wild relatives of modern crops possess traits 156 which confer improved resistance against herbivorous pests (Dempewolf et al., 2014) .
157
Screening crop wild relatives for (partial-)resistance against aphids provides an opportunity 158 to identify potentially beneficial traits (Zhang et al., 2017) which can be introduced into 159 agricultural cultivars to improve resistance (Xu et al., 2015; Li et al., 2018) . Screening of wild 160 relatives in wheat (Xu et al., 2015; Aradottir et al., 2017) , barley (Nieto-Lopez and Blake, 1994; 161 Åhman et al., 2000) and maize (Maag et al., 2015) has resulted in successful identification of 162 partial-resistance traits in wild relatives of these species (Tsumuki et al., 1989; Barria et al., 163 1992; Gianoli and Niemeyer, 1998; Ahmad et al., 2011; Greenslade et al., 2016; 164 Chandrasekhar et al., 2018; Li et al., 2018) . gramine did not correlate with increased partial-resistance (Åhman et al., 2000) . Instead, 169 partial-resistance in Hsp5 is thought to involve increased expression of plant defence genes 170 (Delp et al., 2009; Mehrabi et al., 2014) , including higher constitutive expression of thionin 171 genes (Delp et al., 2009 ) and higher expression of a proteinase inhibitor (Mehrabi et al., 2014 (Folmer et al., 1994) was used to confirm identity of aphid 
Electrical penetration graph (EPG) monitoring of aphid feeding

217
The DC-EPG technique (Tjallingii, 1978; Tjallingii, 1988; Tjallingii, 1991; Tjallingii, 2001 ) was 218 employed to monitor the probing and feeding behaviour of apterous R. padi over a 6h period 219 using a Giga-4 DC-EPG device (EPG Systems, The Netherlands) on plants at the true-leaf stage. diameter; EPG Systems, The Netherlands) was adhered to the copper end of the aphid probe 225 using water-based silver glue (EPG Systems, The Netherlands) and aphids were connected by 226 adhering the free end of the gold wire onto the aphid dorsum using the same water-based 227 adhesive. Wired aphids were connected to the Giga-4 device by placing the end of the brass 228 pin into the EPG probes with a 1 GΩ input resistance and a 50x gain (Tjallingii, 1988 (Tjallingii, 1988; Alvarez et al., 2006) . No E1e (extracellular saliva secretion) 238 phases were detected. Annotated waveforms were converted into time -series data using the 239 excel macro developed by Dr Schliephake (Julius Kühn-Institut, Germany).
240
Determination of non-glandular trichome density 241 Non-glandular trichome densities of Hsp5 and Concerto (n = 9) were determined using 242 polarised light microscopy following a procedure adapted from Pomeranz et al. (2013) . 243 Briefly, the first true leaf was excised from plant stems and treated to two incubation ste ps (Therneau and Grambsch, 2000; Therneau, 2018 Table 1 ). On average U. humboldti was 372 the least fit species (Fig. 1A-C) . Table 2 ). Aphids showed significant differences in feeding 378 behaviour at the leaf epidermis and within mesophyll tissue ( Fig. 3; Table 2 ). We observed an 379 approximate three-fold decrease in the time to the first epidermal probe when feeding on Table 2 ).
386
Feeding patterns within the vascular tissue also differed ( Fig. 4; Table 2 ). Specifically, aphids Supplementary Fig. 1B) . In 403 addition, we found differences in the epicuticular wax composition between the two plants . 404 The complexity of the epicuticular wax differed in that aliphatic hydrocarbons were detected HvLOX2 and HvJAZ), SA (HvNPR1), ET (HvERF), and ABA (HvA1) signalling pathways. We 418 assessed expression of marker genes in both plant types constitutively and in response to 24h 419 of aphid infestation. We observed 10-(HvTHIO1), 13-(HvTHIO) and 7-fold (HvβTHIO) higher 420 expression of the three thionin genes in Hsp5 (Fig 6; Table 3 ). Thionin gene expression levels 421 remained higher in Hsp5 24h after aphid infestation but were not differentially regulated in 422 either plant in response to aphid infestation (Fig 6; Table 3 ). In addition, HvLOXA, HvLOX2,
423
HvA1, and HvERF1, were more highly expressed in Hsp5, with 3.5-, 6-, 10-and 14-fold higher 424 expression levels, respectively (Fig 6; Table 3 ).
425
No genes were differentially expressed in response to aphid infestation. However, several of 426 the phytohormone signalling genes were differentially expressed in response to the plant x 427 aphid infestation interaction; namely HvLOXA, HvLOX2, HvNPR1, and HvERF1 (Table 3) .
428
HvLOXA was significantly down-regulated in Hsp5 after 24h aphid infestation to levels similar 429 to those observed in Concerto ( Fig. 6 ; Table 4 ). For HvLOX2, HvNPR1, and HvERF, expression 430 levels were higher in Hsp5 after 24h of aphid infestation compared with levels in Concerto 431 ( Fig. 6; Table 4 ). HvJAZ was not differentially regulated in response to any treatment factor.
432
Phloem amino acid composition in Hsp5 is characterised by a reduction in the proportion of 433 essential amino acids and an increased abundance of asparagine 434 To investigate phloem factors contributing to partial-resistance against aphids ( Fig. 4 ; Table   435 2) we analysed the amino acid composition and the proportion of essential and non -essential 436 amino acids in phloem exudates (Fig. 7) . Principal component analysis of amino acid 437 composition (mol% of Asp, Glu, Asn, His, Ser, Gln, Arg, Gly, Thr, Tyr, Ala, Trp, Met, Val, Phe, 438 Ile, Leu, and Lys) of phloem exudates revealed that three principal components explained 69% 439 of the observed variation in overall amino acid composition, with all three principle 440 components showing a degree of separation between the two plant types (Table 5) . 441 Furthermore, >50% of the variation was explained by the first two principal components (Fig. 442 7C; 11.45%; χ 2 1 = 25.43; p = <0.001; Fig. 7D ; Table 6 ). 447 The difference in composition of non-essential amino acids was most pronounced between 448 the two plant types, with a higher proportion of Asn and lower proportions of Glu and Gly in 449 Hsp5 (42.75%, 7.34% and 12.69%, respectively) compared with Concerto (7.55%, 15.18% and 450 22.43%, respectively) (Fig 7A-B) . Amino acid composition and percentage of essential amino 451 acids changed over the 24h of the experiment, but not in response to aphid treatment (Table   452 5; Table 6 ). Harvesting of leaf material for qPCR analysis had no effect on the phloem amino 453 acid composition (Table 5; Table 6 ).
454
Discussion
455
In this study we provide evidence for mesophyll and phloem mediated partial-resistance 456 against aphids in a wild barley relative, which is effective against three aphid species, 457 including two agricultural pests and an invasive species. Our data suggest the partial- Partial-resistance against aphids in other plant-aphid systems have similarly pointed to the 473 importance of mesophyll and phloem-based resistance factors (Montllor and Tjallingii, 1989; 474 Caillaud et al., 1995; Pegadaraju et al., 2007; Guo et al., 2012; Greenslade et al., 2016 (Greenslade et al., 2016) . Resistance against D. noxia 481 in five cereal species was shown to involve phloem and mesophyll resistance factors, with 482 elevated 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) levels hypothesised to be 483 a contributing factor towards resistance (Mayoral et al., 1996) . Resistance against D. noxia in 484 wheat also involved individual resistance genes; the most recent of these to be characterised reported to decrease R. padi fitness in wheat (Roberts and Foster, 1983) (Powell et al., 1999) . Barley epicuticular waxes can contribute towards resistance 522 against R. padi (Tsumuki et al., 1989) , although the influence of specific chemical functional 523 groups on aphid behaviour is not well characterised. It is therefore likely that aphids are exposed to thionins when probing mesophyll tissue, and 532 these could contribute to reduced aphid performance on Hsp5. Guo et al. (2016) reported that elevated ABA levels in response to drought conditions can lead 549 to increased aphid xylem ingestion. This finding suggests that elevated expression of 550 components of the ABA signalling pathway could indirectly contribute to partial-resistance by 551 encouraging xylem ingestion, thereby reducing phloem ingestion. Indeed, longer periods of 552 xylem ingestion were detected in R. padi feeding from Hsp5, indicating that there may be 553 potential fitness consequences for aphids as a result of higher basal expression lev els.
554
In contrast, basal expression levels of HvNPR1, a SA-signalling marker, were not significantly 555 different between Hsp5 and Concerto. However, HvNPR1 levels in Concerto were down-556 regulated 24h after aphid infestation to a level that was significantly lower than HvNPR1 levels 557 in Hsp5 after 24h of aphid infestation. Therefore, SA-mediated defences in Concerto, but not 558 Hsp5, may be repressed upon aphid infestation leading to increased susceptibility of this 559 cultivar. Indeed, NPR1 is required for initiation of SA-mediated defence against aphids in A.
560
thaliana (Moran and Thompson, 2001; Wu et al., 2012) .
561
Essential amino acid availability is reduced in Hsp5
562
The observation that the relative concentration of essential amino acids was lower in the 563 phloem of Hsp5 compared with Concerto could be associated with lower aphid performance.
564
Alterations to amino acid composition can reduce plant palatability and nutritional quality 565 and contribute to increased resistance against aphids (Sandström and Pettersson, 1994; 566 Ponder et al., 2000; Karley et al., 2002) . For example, decreased survival and fecundity of M. compared with nitrogen-fertilised plants (Ponder et al., 2000) . (Auclair, 1976) . Vogel and Moran (2011) found that the mass of multiple A. pisum biotypes 585 was reduced when essential amino acids were removed from aphid artificial diets; this was 586 observed even though aphids have the capacity to synthesis essential amino acids via their 587 essential endosymbiont, Buchnera aphidicola (Douglas and Prosser, 1992) . Furthermore, 588 some aphid species actively remobilise plant nutrients to increase the abundance of essential 589 amino acids in susceptible plant hosts (Telang et al., 1999; Sandström et al., 2000) . Enhanced 590 mobilisation of plant nutrients is thought to be the mechanism explaining resistance 591 breakdown in wheat by a virulent biotype of the greenbug, Schizaphis graminum (Dorschner 592 et al., 1987) . In a study by Sandström et al. (2000) , R. padi feeding did not lead to increased 593 phloem mobilisation of amino acids, similar to observations made in our experimental system 594 where R. padi infestation did not alter the phloem amino acid composition in Hsp5 or 595 Concerto.
596
Conclusion
597
This study shows that partial-resistance against aphids in wild barley can be wide-ranging and 598 effective against multiple aphid species. Broad partial-resistance traits are agriculturally and 599 economically important as crops are likely to be infested by multiple insect species under field 600 conditions (Stam et al., 2014) . However, compared with gene-for-gene resistance traits, 601 comparatively little is known about the genetic determinants of partial -resistance. The 602 underlying factors contributing towards partial-resistance are complex and likely to involve 603 multiple, independent resistance pathways (Mayoral et al., 1996; Moharramipour et al., 1997; 604 Seah et al., 1998 
